Introduction
============

Macroautophagy is a catabolic process characterized by sequestration of cytoplasmic material in double-membrane vacuoles called autophagosomes, that ultimately fuse with lysosomes leading to degradation of their contents.[@R1] The role of this process was first described in yeast as a promoter of cell survival under nutrient starvation. Autophagy was later shown to play numerous vital roles in higher eukaryotes, notably in the immune system. Thus, autophagy was shown to regulate immune cell homeostasis and activation, induction of central tolerance and finally inflammation processes.[@R2]

Autophagy in autoimmune and autoinflammatory disorders is suspected to be a key component of their etiology. Genetic polymorphisms on the gene coding for ATG16L1 was reported with strong association for patients suffering from Crohn disease leading to the identification of autophagy as a critical regulator of inflammation in the gut.[@R3]^,^[@R4] In patients suffering from multiple sclerosis, ATG5 protein upregulation was described in T cells infiltrating inflammatory lesions, yet the precise impact of this expression pattern remains to be defined.[@R5] To date, no study investigated the possible involvement of autophagy in systemic lupus erythematosus (SLE). This prototypic systemic autoimmune disease is characterized by abnormal B and T cell activation, multiple organ inflammation, and production of autoantibodies (autoAbs) targeting mainly nuclear components. It was found from genome-wide association studies that two single nucleotide polymorphisms near and in the *Atg5* locus are associated with SLE initiation and/or development.[@R6]^,^[@R7] Moreover, drugs modulating autophagy such as hydroxychloroquine,[@R8] rapamycin[@R9] and the P140 peptide[@R10]^,^[@R11] provide beneficial effects on the development of the pathology in lupus-prone mouse models as well as in patients with SLE.[@R12] To date, little information is available regarding the role of autophagic activity in lymphocytes under infectious or autoimmune events. Inflammation, cytokine environment and chronic antigenic stimulation characterizing autoimmune pathologies are eager to modulate autophagy in lymphocytes.

Autophagy was shown to be required for activation of T cells and for their survival after stimulation[@R13] and differentiation.[@R14] This survival seems highly related to quality control and turnover of mitochondria as shown with mouse models characterized by T cell-specific deletion of *Atg5* or *Atg7*.[@R15]^,^[@R16] Moreover, excess of autophagy that is detrimental to T cell survival under IFN-γ stimulation, is tightly regulated by immunity-related GTPase family M proteins in mice.[@R17] Finally autophagic flux was shown to degrade procaspases in T cell, thus antagonizing apoptosis.[@R18] This latter study shows a direct role for autophagy in survival of autoreactive T cells during experimental autoimmune encephalomyelitis. Thus regulation of autophagic activity is integral for T cell to decide between activation and death. Knowing that physiological survival-death equilibrium is deregulated in SLE, where autoreactive T cells are not clonally deleted,[@R19] we hypothesized that autophagy could play a role in the persistence of autoreactive cells.

This study is the first that aims at describing autophagic activity in lupus T cells. Intensity of autophagy was evaluated in central and peripheral lymphoid organs from two distinct lupus-prone mouse models, namely MRL*^lpr/lpr^* and (NZB/NZW)F1 (NZB/W) mice. Autophagic activity was also assessed in the human pathology by quantifying autophagic structures in peripheral blood T cells from SLE patients. These results were compared with those obtained in normal mice that received lipopolysaccharide (LPS) to define if autophagy deregulation was a direct consequence of an acute inflammation.

Results
=======

Autophagic flux is increased in thymocytes from lupus-prone mice
----------------------------------------------------------------

In order to evaluate autophagic activity in central T cells, we quantified autophagic compartments on thymus sections obtained from MRL*^lpr/lpr^* and NZB/W lupus-prone mice. Quantification was performed by transmission electron microscopy (TEM) in cells with lymphocyte morphology (diameter \< 10 µM, high nuclear/cytoplasm ratio) to exclude other cell types, especially thymic epithelial cells known to exhibit high constitutive autophagic activity. An example of autophagic vacuole is depicted in [Figure 1A](#F1){ref-type="fig"}. Quantification of autophagic compartments on 50 cell sections failed to reveal any significant difference between lupus mice (8 week-MRL*^lpr/lpr^* and 12-weeks-NZB/W lupus mice) and CBA/J and BALB/c control mice ([Fig. 1B](#F1){ref-type="fig"}). Microtubule-associated protein 1 light chain 3 (LC3) conversion assays were also performed ([Fig. 1C](#F1){ref-type="fig"}). No obvious difference in lupus mice vs. controls could be noticed in terms of LC3-II expression in nontreated cells, confirming the results obtained by TEM. However, when thymocytes were treated with inhibitors of lysosomal proteases E64d and pepstatin A, we could observe a significantly higher autophagic flux in MRL*^lpr/lpr^* and NZB/W mice compared with controls ([Fig. 1D](#F1){ref-type="fig"}). These results suggest that autophagic flux is increased in thymocytes from lupus-prone mice.[@R20]

![**Figure 1.** Increased autophagic flux in thymocytes from lupus-prone mice compared with controls (A) A representative autophagosome is indicated by the white arrow (black scale bar: 500 nm). (B) Quantification by TEM of autophagic vacuoles for 50 thymocyte sections randomly selected on thymus sections from 8 week-old CBA/J (open circles) and 12 week-old BALB/c (filled circles) control mice (CTL) and lupus-prone mice MRL*^lpr/lpr^* (8 week-old) and NZB/W (12 week-old). Each point represents measurement for an individual mouse. Central bars refer to the mean and vertical bars stand for standard deviation. ns = non-significant using unpaired t-test. (C) LC3 conversion assessed by western immunoblotting. Dissociated thymocytes obtained from 8 week-old control CBA/J and lupus MRL*^lpr/lpr^* mice or from 12 week-old control BALB/c and lupus NZB/W mice were cultured at 37°C for 16h. When indicated, cells were treated (+) or not (-) during the last 4 h of the culture with 5 µg/mL pepstatin A and 5 µg/mL E64d to block lysosomal degradation. Cell lysates were resolved by SDS-PAGE, transferred onto PVDF membranes before staining with anti-LC3 Ab. Loading controls were performed by staining actin β-chain. Each immunoblot is representative of three experiments with identical results. LC3-II/β-actin band intensity ratios are indicated as numbers under each immunoblot. (D) LC3-II levels were evaluated by densitometry and normalized to β-actin band intensities for at least three other independent experiments (right panel). Autophagic flux measurement consists on a ratio between the values with and without protease inhibitors (= autophagic flux). Histogram bars represent the means of individual experiments with standard errors. \*p \< 0.05 and \*\*p \< 0.01 using unpaired t-test between control and lupus conditions.](auto-8-1113-g1){#F1}

Autophagic activity is deregulated in peripheral T cells from lupus-prone mice
------------------------------------------------------------------------------

As autophagy is shown to be essential for peripheral T cell homeostasis, we sought to determine whether autophagic activity was deregulated in purified splenic T cells from lupus mice before the appearance of the first symptoms (8--12 week-old MRL*^lpr/lpr^* mice and 12--20 week-old NZB/W mice). LC3 conversion assays showed high levels of LC3-II expression in nonstimulated conditions (steady-state) for MRL*^lpr/lpr^* compared with CBA/J mice, with or without lysosomal protease inhibitors ([Fig. 2A and B](#F2){ref-type="fig"}). A small increase is also observed for NZB/W mice in comparison to BALB/c mice although statistical significance could not be reached ([Fig. 2C and D](#F2){ref-type="fig"}). Comparison of conditions without and with protease inhibitors under phorbol myristate acetate (PMA)/ionomycin stimulation showed LC3-II accumulation in both lupus and control mice reflecting effective autophagic flux in lupus and normal T cells. As LC3-II levels are proportional to the quantity of autophagic membranes, initial quantity of autophagic structures seemed increased in lupus conditions.

![**Figure 2.** Autophagic activity in peripheral T cells from lupus-prone mice is raised compared with controls T cells sorted from spleens obtained from 8--12 week-old control CBA/J and lupus MRL*^lpr/lpr^* mice (A) or from 12--20 week-old control BALB/c and lupus NZB/W mice (B) were left unstimulated (steady-state) or stimulated by 50 ng/mL PMA and 1 µM Ionomycin (PMA/Iono) at 37°C for 16h. When indicated, cells were treated (+) or not (-) during the last 4 h of the culture with 5 µg/mL pepstatin A and 5 µg/mL E64d to block lysosomal degradation. Cell lysates were resolved by SDS-PAGE, transferred onto PVDF membranes before staining with anti-LC3 Ab. Loading controls were performed by staining actin-β chain. Each immunoblot is representative of at least five independent experiments with identical results. \*Band corresponding to the Ig heavy chain retained in lysates obtained from oldest lupus mice. LC3-II/β-actin band intensity ratios are indicated as numbers under each immunoblot. (C and D) LC3-II levels were evaluated by densitometry and normalized to β-actin band intensities for at least five independent experiments. Histogram bars represent the means of individual experiments with standard errors. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 using paired t-test between control and lupus conditions. Activation of sorted T cells from control and lupus mice was assessed by flow cytometry with CD69 staining (E). Dotted black lines and solid gray lines represent respectively control and lupus mice.](auto-8-1113-g2){#F2}

To determine if this difference was effectively related to lupus context or solely the consequence of in vivo activation of T cells in an inflammatory environment, we stimulated T cells in vitro with PMA/ionomycin ([Fig. 2A and B](#F2){ref-type="fig"}). Both in control and lupus T cells, LC3-II levels increased in the presence of protease inhibitors indicating that in both mice, autophagy was induced after T cell receptor (TCR)-like stimulation. It was also noticed that LC3-II expression was significantly higher in lupus-prone mice compared with controls, both with and without lysosomal protease inhibitors ([Fig. 2C and D](#F2){ref-type="fig"}). As accumulation of LC3-II in the presence of E64d and pepstatin A was still observed in lupus conditions, it could be concluded that the elevated LC3-II rates found in these mice are not the consequence of a total autophagic flux blockade. Moreover, LC3-II level rise observed in lupus mice under PMA/Ionomycin stimulation did not result from a higher sensitivity to these compounds because activation of lupus T cells compared with normal mice was at least equivalent as shown by CD69 staining after treatment ([Fig. 2E](#F2){ref-type="fig"}). Comparison of MRL*^lpr/lpr^* or NZB/W mice with three different control mouse strains (C57BL/6, BALB/c and CBA/J) in a single experiment (same immunoblot), confirms that relative levels of LC3-II are effectively raised in lupus conditions ([**Fig. S1**](#SUP1){ref-type="supplementary-material"}).

We then checked if the difference shown in autophagic activity between MRL*^lpr/lpr^* and control mice was related to the *lpr* mutation. LC3 conversion assays performed in parallel with C57BL/6 and C57BL/6*^lpr/lpr^* T cells showed no significant difference between both strains even at the highest ages tested for comparison of MRL*^lpr/lpr^* and CBA/J **(**[**Fig. S2**](#SUP1){ref-type="supplementary-material"}**)**. We also performed preliminary experiments with the same settings, using B lymphocytes isolated from spleens collected from control and lupus mice ([**Fig. S3**](#SUP1){ref-type="supplementary-material"}). In contrast to T cells, no difference of autophagic activity between normal and lupus conditions was observed in peripheral B cells.

To understand if high levels of LC3-II measured in lupus-prone conditions reflected high numbers of autophagosomal structures, we performed TEM experiments on isolated T cells that were fixed just after isolation. Representative autophagic compartments in T cells sorted from spleens of MRL*^lpr/lpr^* and NZB/W mice are shown in [Figure 3A](#F3){ref-type="fig"}. Quantification of autophagic compartments in 50 cell sections revealed a number of autophagic vacuoles that was higher in the oldest MRL*^lpr/lpr^* lupus mice tested (i.e., 10 to 12 weeks) compared with pooled controls (CBA/J and BALB/c mice at various ages, [Fig. 3B](#F3){ref-type="fig"}). In contrast, NZB/W mice did not exhibit a significant increase in comparison to pooled controls. These results are reminiscent of LC3 conversion assays showing that differences in autophagic compartment load was mainly observed in NZB/W mice compared with controls under PMA/Ionomycin stimulations. It should be noticed that a strict comparison between T cells from 19--22 week-old NZB/W and control mice with corresponding ages, showed that the number of autophagic compartments was significantly higher in NZB/W mice ([**Fig. S4**](#SUP1){ref-type="supplementary-material"}).

![**Figure 3.** Increased number of autophagic vacuoles in peripheral T cells isolated from lupus mice compared with control mice. (A) Representative autophagic vacuoles indicated by white arrows, in peripheral T cells from lupus MRL*^lpr/lpr^* and NZB/W mice. Scale bar stands for both images (black scale bar: 500 nm). (B) Quantification by TEM of autophagosomes counted in 50 peripheral T lymphocyte sections sorted from spleens of control (7--8 week-old CBA/J mice (open circles), 10--12 week-old CBA/J mice (filled circles), 10--12 week-old BALB/c mice (open triangles) and 20--22 week-old BALB/c mice (filled triangles), MRL*^lpr/lpr^* and NZB/W lupus mice. Mice were sacrificed at the indicated ages. Each point represents measurement of an individual mouse. Central bars refer to the mean and vertical bars stand for standard deviation. \*\*\*p \< 0.001 using unpaired t-test, w = week.](auto-8-1113-g3){#F3}

Additional LC3 conversion assays were performed to assess whether autophagic activity deregulation progressively takes place with the age of the mice ([Fig. 4A and B](#F4){ref-type="fig"}). LC3-II detection visualized in the presence or absence of pepstatin A and E64d, effectively increases with age in lupus-prone mice, both at steady-state and under PMA/ionomycin stimulation (as quantified for corresponding blots in [Fig. 4C and D](#F4){ref-type="fig"}). In contrast, LC3-II conversion does not evolve with age in control mice and was even found to decrease in the oldest mice. LC3-II accumulation observed in MRL*^lpr/lpr^* mice was not found in C57BL/6*^lpr/lpr^* mice, even at higher ages ([**Fig. S2**](#SUP1){ref-type="supplementary-material"}) revealing again that the *lpr* mutation per se is not responsible for autophagic deregulation found in MRL*^lpr/lpr^* mice. To understand if LC3-II accumulation was due to a decrease in lysosomal activity, we performed p62/SQSTM1 staining by immunoblots ([**Fig. S1**](#SUP1){ref-type="supplementary-material"}). These results show that accumulation of p62 is observed in lupus-prone mice at ages where LC3-II levels are significantly higher in comparison to control mice (12 weeks for MRL*^lpr/lpr^* and 17 weeks for NZB/W). We can then rule out a total autophagic flux blockade as the only cause of LC3-II accumulation in lupus mice. Moreover, compared with control mice, LC3-II level increase in lupus mice is not related to higher LC3-encoding mRNA levels, as shown by *Map1lc3a* mRNA semi-quantified by RT-PCR ([**Fig. S5**](#SUP1){ref-type="supplementary-material"}).

![**Figure 4.** Autophagic activity in peripheral T cells increases with age in lupus-prone mice in contrast to control mice. T cells were sorted from spleens obtained from control (CBA/J) and lupus MRL*^lpr/lpr^* mice (A) or control (BALB/c) and lupus NZB/W mice (C) that were sacrificed at the indicated ages indicated in weeks. Cells were left unstimulated (steady-state) or stimulated with 50 ng/mL PMA and 1 µM Ionomycin (PMA/Iono) at 37°C for 16 h. When indicated, cells were treated (+) or not (-) during the last 4 h of culture with 5 µg/mL pepstatin A and 5 µg/mL E64d to block lysosomal degradation. Cell lysates were resolved by SDS-PAGE, transferred onto PVDF membranes before staining with anti-LC3 Ab. Loading controls were performed by staining actin-β chain. Each immunoblot is representative of three experiments with identical results. \*Bands corresponding to Ig heavy and light chains retained in lysates obtained from oldest lupus mice. (B and D) LC3-II levels of immunoblots shown in (A and C) were evaluated by densitometry for the indicated ages and normalized to β-actin band intensities.](auto-8-1113-g4){#F4}

Autophagic activity is deregulated in peripheral T cells from SLE patients
--------------------------------------------------------------------------

Although pathologies developed by MRL*^lpr/lpr^* and NZB/W mice display important similarities with human pathology, these models do not exhibit any quiescent phase and cannot fully compare with the clinical evolution of SLE. We thus decided to investigate if the deregulation of autophagy observed in lupus mice was also found in the human pathology. Lupus patients chosen for the study were mostly quiescent with nine patients out of 11 showing a SLEDAI ≤ 6, and 2 patients with higher SLEDAI (12 and 14, respectively) ([Table 1](#T1){ref-type="table"}). Autophagic vacuoles were counted in T lymphocytes isolated from the peripheral blood of healthy volunteers and SLE patients. One representative cell containing several autophagic compartments is shown in [Figure 5A](#F5){ref-type="fig"}. The number of autophagic vacuoles was significantly higher in T cells from SLE patients compared with healthy volunteers (p = 0.0032, [Fig. 5B](#F5){ref-type="fig"}). Moreover, autophagic activity does not seem to be related to disease activity. Of note, patient \#7 ([Table 1](#T1){ref-type="table"}, 14 autophagic vacuoles for 50 lymphocyte sections, SLEDAI = 4) belongs to the same family (daughter) than two controls (father and mother) exhibiting 2 and 3 autophagic vacuoles per 50 T lymphocytes. This suggests that accumulation of autophagic compartments may be correlated with the development of the pathology and is not a common feature of a familial genetic background. We also tested three patients suffering from inflammatory pathologies unrelated to SLE (2 with vasculitis, 1 with primary Sjögren's syndrome). None of these patients showed autophagic vacuole number as high as found in several SLE patients. Highly vacuolated autophagic T cells were found in lupus patients, a feature that was not visible in controls (p = 0.0086, [Fig. 5C](#F5){ref-type="fig"}). These results led us to conclude that autophagic deregulation observed in lupus-prone mice is also found in T cells from SLE patients.

###### **Table 1.** Description of female patients suffering from SLE included in the study

  Patients   Age   SLEDAI   Treatment                                              Number of autophagic vacuoles counted for 50 T cells
  ---------- ----- -------- ------------------------------------------------------ ------------------------------------------------------
  1          41    5        mycofenolate mofetyl                                   14
  2          33    4        mycofenolate mofetyl, prednisone                       30
  3          27    2        prednisone, mycofenolate mofetyl                       1
  4          52    14       hydroxychloroquine, mycofenolate mofetyl, prednisone   5
  5          30    4        hydroxychloroquine, AVK, prednisone                    10
  6          33    0        none                                                   21
  7          30    4        prednisone                                             14
  8          33    2        hydroxychloroquine, AVK                                18
  9          44    4        mycofenolate mofetyl                                   12
  10         21    6        hydroxychloroquine, azathioprine, prednisone           16
  11         16    12       mycofenolate mofetyl, prednisone                       36

SLEDAI (systemic lupus erythematous disease activity index) score, age and treatments for the patients studied. The number of autophagic vacuoles in T cells isolated from peripheral blood of these patients is also indicated. AVK = anti-vitamin K.

![**Figure 5.** Increased number of autophagic vacuoles in peripheral T cells from SLE patients compared with healthy subjects (A) An example of a cell with a high number of autophagic vacuoles (black scale bar: 500 nm). Magnifications of identified autophagic structures are shown on the right side. The white scale bar (100 nm) stands for all the magnified images (B) Double-blind quantification of autophagic vacuoles in peripheral T cells isolated from the PBMC fraction obtained from healthy donors, patients with SLE or with other autoimmune diseases (Sjögren's syndrome and vasculitis). Autophagic vacuoles were counted in 50 T lymphocyte sections. (C) Cell sections containing three or more autophagic vacuoles were counted for each subject. Each point represents the result for one subject. Central bars refer to the means and vertical bars stand for standard deviation. \*\*p \< 0.01 using unpaired t-test (in B) or Mann-Whitney U test.](auto-8-1113-g5){#F5}

The increased number of autophagosomes in peripheral lupus T cells is not an immediate consequence of inflammatory event
------------------------------------------------------------------------------------------------------------------------

Inflammatory conditions are known to stimulate autophagy in several cell types through pattern recognition receptor stimulation or in the presence of particular cytokines such as IFNγ. We then sought to determine if an in vivo stimulation by LPS of CBA/J control mice, known to generate a systemic inflammation, was sufficient to induce the accumulation of autophagosomes as the one observed in lupus T cells. We first checked the level of B and T lymphocyte activation in LPS-treated mice by measuring respectively CD86 and CD69 expression by flow cytometry ([Fig. 6A](#F6){ref-type="fig"}). Twenty-four hours after i.p. injection of 50 µg LPS, we noticed remarkable activation of splenic B and T cells. B cells are known to be directly stimulated by LPS through toll-like receptor 4 (TLR4) engagement. Moreover TLR4 is known to trigger autophagy in macrophages.[@R21]^,^[@R22] LC3 conversion assays performed on B cells revealed that in vivo LPS stimulation activated autophagy in terms of basal LC3-II level but also in terms of flux ([Fig. 6B](#F6){ref-type="fig"}). In contrast, although activated as shown by CD69 expression, T cells failed to undergo autophagic flux under in vivo LPS stimulation. Moreover, no accumulation of autophagic vacuoles could be observed by TEM experiments ([Fig. 6C](#F6){ref-type="fig"}). Thus, short-term inflammatory cytokine environment is not sufficient to lead to the accumulation of autophagic compartments observed in lupus-prone mice.

![**Figure 6.** No autophagic compartment accumulation in normal T cells during acute systemic inflammation induced by LPS. (A) CBA/J mice (8 week-old) were injected i.p. with 50 µg LPS or with PBS (Control). B cell (TCR-β/B220+) and T cell (TCR-β+/B220-) activation was checked by measuring CD86 and CD69 expression respectively (represented as mean fluorescence intensity, MFI) in treated (24h LPS) and nontreated mice (control). \*p \< 0.05 by paired t-test and \*\*\*p \< 0.005 by paired t-test. (B) LC3 conversion was assessed for splenic B or T cells isolated 24 h after injection of PBS alone or LPS, and left in cultured at 37°C for 4 h with (+) or without (-) lysosomal proteases inhibitors E64d and pepstatin A (5 µg/mL). Each immunoblot is representative of three experiments with identical results. (C) Quantification by TEM of autophagic vacuoles in peripheral T cells from either 10--12 week-old MRL*^lpr/lpr^* lupus mice, control 7--8 week-old CBA/J mice, or LPS-treated mice (CBA/J, 8 week-old LPS). Autophagic vacuoles were counted in 50 peripheral T lymphocyte sections. Each point represents measurement for an individual mouse. Central bars refer to the means and vertical bars stand for standard deviation. ns = nonsignificant using unpaired t-test.](auto-8-1113-g6){#F6}

Discussion
==========

This work showed for the first time a clear deregulation of autophagic activity in T cells from two lupus-prone mouse models of distinct haplotypes. Autophagic flux was affected in thymocytes isolated from these two murine strains. Compared with normal mice, a significant accumulation of autophagic vacuoles was observed in peripheral lupus T cells. Interestingly, this higher number of autophagic vacuoles was not detectable in T cells from the thymus, which is involved in central tolerance. These results are in good agreement with previous work indicating that autophagy is more crucial in peripheral T cells homeostasis than during earlier immature stages of T cell development.[@R16] The origin of this phenotype is not known and it would be important to define if the accumulation of autophagic compartments observed in lupus T cells is due to disequilibrium between autophagosome formation and capacity of lysosomal degradation. It is nevertheless possible to conclude that total flux blockade is not the initial consequence of such autophagosome accumulation according to the increase in p62 level in lupus mice under inhibition of lysosomal proteolytic activity. Higher levels of LC3-II in lupus mice do not seem either to be related to de novo transcription of *Map1lc3* genes, at least of one isoform. The precise nature of the stimulus leading to increased autophagic activity in lupus conditions is thus not defined. From PMA/Ionomycin stimulation experiments showing that, in lupus mice, autophagic activity is higher under stimulation than in control mice, we can conclude that TCR signaling pathways that are known to be abnormal in lupus,[@R23] could be involved in this "hyperautophagic" phenotype.

Stimulations by innate immune receptors, like TLRs,[@R24] or by cytokines, like IFNγ^17^, are known to induce autophagy in different cell types. In vivo LPS injection experiments suggest that TLR4 stimulation induces autophagy in nonlupus B cells. We found further that the increased number of autophagic vacuoles in lupus T cells is not just the consequence of an in vivo inflammatory stimulus and certainly requires a particular genetic environment to occur. It remains to be defined if other inflammation stimuli than LPS can induce autophagy in T cells and more importantly if a chronicity of inflammatory events could be responsible for the increased autophagosomal load in lupus T cells.

Interestingly, the increased autophagic vacuole number in lupus T cells is not a feature that is restricted to mouse models. We show that some patients suffering from SLE also exhibit a high number of autophagic compartments in peripheral T cells. Despite the strong heterogeneity in the etiology and symptoms of lupus pathology, we identified several patients with an autophagosomal load that is much higher compared with controls. An important consideration is that most patients included in this study were quiescent. The number of samples studied is certainly insufficient to establish correlations between the autophagic compartment number, the nature of the symptoms and treatment. Nevertheless, we can argue that autophagic vacuole accumulation is not only a secondary effect of hydroxychloroquine (Plaquenil) treatment routinely used for SLE treatment, and known to block autophagic flux, since highly vacuolated cells were also found in cells collected from patients treated with other drugs ([Table 1](#T1){ref-type="table"}). It would be important to define if the increased autophagosome number observed in lupus T cells is a general feature of autoinflammatory and autoimmune diseases. Our results show that T cells from two patients suffering from vasculitis and one patient suffering from Sjögren's syndrome do not exhibit a number of autophagic compartments as high as the ones found in lupus patients.

The precise impacts of autophagy deregulation on T cell fate and the overall progression of the pathology also have to be investigated. Autophagy can exert both pro- and antisurvival effects on T cells. It could be a survival mechanism allowing autoreactive cells to persist as recently shown in experimental autoimmune encephalomyelitis model.[@R18] Interestingly, we found that cells with high numbers of autophagic vacuoles (more than three per cell section) are more frequent in some SLE patients than in healthy donors. It is tempting to speculate that these cells are autoreactive cells and that autophagy promotes their survival and contributes to their persistence in autoimmune conditions. In certain settings e.g., during apoptosis blockade[@R25] or viral infections,[@R26] autophagy can also lead to a "nonclassical" cell death that do not only rely on caspase activation.[@R27] The impact of this kind of cell death on immune response is not fully understood and could be relevant in lupus pathology where dead cells constitute a source of antigens and proinflammatory molecules. At this stage in vivo models deficient for autophagy in lupus development are necessary to determine how autophagy contributes to lupus disease. An important question will be to determine if certain autophagy-related genes or upstream regulators of the autophagy pathway are involved in the lupus disease in mice and patients.

An important aspect will also be to identify which T and B lymphocyte subsets are affected. Our first results do not show any significant deregulation of autophagy in the total B cell population. It is possible that only some B cell subtypes in secondary lymphoid organs or in other tissues exhibit deregulated autophagy. Additional studies must be done using sorted B cells, and especially B-1a cells, which are known to play an important role in lupus development. B-1a cells seem to be particularly dependent on autophagy for their survival compared with B-2 conventional B cells.[@R28] Moreover, autophagy in B cells could contribute to the systemic autoimmune disease by providing MHC-II molecules loaded with self-peptides from endogenous origin or by favoring BCR/TLR9 cosignaling as suggested by Chaturvedi et al.[@R29] In this context it is interesting to remind that hydoxychloroquine as well as P140 peptide are both able to modulate autophagic flux and affect peptide presentation by MHC-II molecules.[@R11]^,^[@R30] These findings could lead to new therapeutic options, or to the improvement of existing ones, aiming at targeting more specifically pathogenic lymphocytes, avoiding a global inhibition of immune system that is harmful to SLE patients.

Patients, Materials and Methods
===============================

Patients and normal donors
--------------------------

Peripheral blood T cells were obtained from 11 female patients with SLE (mean age = 32, range 16 to 52), two male patients with vasculitis, one female patient with primary Sjögren's syndrome and eight healthy donors (4 men, 4 women, mean age = 31, range 18 to 45). Autoimmune patients fulfilled the American College of Rheumatology criteria for their respective diseases. They were recruited from the Strasbourg University Hospital after informed consent was obtained. Clinical parameters and ongoing treatments of SLE patients at the time of sampling are listed in [Table 1](#T1){ref-type="table"}.

Mice
----

MRL*^lpr/lpr^*, NZB/W, BALB/c, CBA/J, C57BL/6 and C57BL/6*^lpr/lpr^* mice were purchased from Harlan. All mice were bred and maintained in accordance with guidelines of the local Institutional Animal Care and Use Committee (CREMEAS).

Flow cytometry
--------------

All Abs used for flow cytometry analyses were purchased from BD Biosciences: fluorescein isothyocyanate (FITC)-labeled anti-mouse TCR-β (clone H57-597, 553171), phycoerythrin (PE)-labeled anti-mouse CD69 (clone H1.2F3, ref. 553237), allophycocyanin (APC)-labeled anti-mouse B220 (clone R13-6B2, 553092), FITC-labeled anti-human CD3ε (clone UCHT1, 55916) and APC-labeled anti-human CD19 (clone HIB19, 555415). Cells were incubated with fluorochrome-conjugated antibodies and in the case of mouse cell staining, rat anti-mouse CD16/CD32 monoclonal Ab (mAb, clone 2.4G2, 553142) was used to block Fcγ receptors, for 30 min at 4°C in phosphate-buffered saline (PBS) pH = 7.4 containing 2% (v/v) fetal calf serum (FCS). Data were collected on a Gallios flow cytometer (Beckman Coulter) and analyzed using FlowJo software (Tree Star).

Cell culture and isolation
--------------------------

Thymocytes and splenic T cells were collected from MRL*^lpr/lpr^*, CBA/J, C57BL/6, C57BL/6*^lpr/lpr^*, NZB/W and BALB/c mice and immediately cultured at 37°C, 5% CO~2~ in RPMI 1640 medium (Lonza BioWhittaker) supplemented with 10% FCS, 10 µg/mL gentamycin (Lonza BioWhittaker), 10 mM HEPES (Lonza BioWhittaker) and 0.05 mM β-mercaptoethanol (Lonza BioWhittaker) at a concentration of 5 × 10^6^ cellules/mL. Splenic T cells were purified by negative selection. Briefly, spleen cell suspensions were depleted from monocytes, granulocytes, B cells and NK cells using Dynal T cell Negative Isolation Kit (Dynal-Life Technologies, 114-13D) according to the manufacturer's instructions. CD3^+^CD4^-^CD8^-^ double-negative T cells that are frequent in MRL*^lpr^*^/^*^lpr^* mice, were discarded by anti-B220 Abs included in the commercial preparation. Human peripheral blood mononuclear cells (PBMC) were isolated on a Ficoll (PAA, J15-004) density gradient and T cells were then sorted by using the Pan T cell isolation Kit II, human (Miltenyi Biotech, 130-091-156). Resulting TCR-β^+^/B220^-^ mouse T cell and CD3ε^+^/CD19^-^ human T cell preparations were \> 90% pure as determined by flow cytometry. Mouse B cells were isolated using Dynal magnetic beads coupled with Abs to rat immunoglobulins (Ig) after incubating splenocyte suspension with the following rat Abs (BD Biosciences): anti-CD11b (clone M1/70, 553308), anti-Gr1 (clone RB6-8C5, 550291), anti-CD49b (clone DX5, 553855) and anti-TCRβ (clone H57-597, 553167). Preparations were \> 90% pure according to TCR-β/B220 staining.

In vivo LPS injections
----------------------

CBA/J mice received 50 µg LPS (Sigma Aldrich, L2630) in PBS or PBS alone intraperitoneally (i.p.). Twenty-four hours later, spleens were harvested and splenocytes were gently dissociated. Activation of lymphocytes was assessed by flow cytometry with CD69 staining for T cells and CD86 staining for B cells. Purified B and T cells were sorted and cultured as described above. Autophagic flux was measured as described below by LC3 staining on western immunoblots.

Western immunoblotting
----------------------

The Abs used for western immunoblotting were specific for β-actin (Santa Cruz Biotechnology, clone C4, sc-47778), LC3 (MBL, clone 51--11, ref M115--3) and p62/SQSTM1 (rabbit polyclonal antibody, Sigma-Aldrich, P0068). In some experiments, lysosomal protease inhibitors E64d and pepstatin A (Sigma-Aldrich, P5318 and E8640) were added at 5 µg/mL each. When indicated, cells were treated with 50 ng/mL PMA (Sigma-Aldrich, P8139) and 1 µM ionomycin (Sigma-Aldrich, I0634). To evaluate the autophagosomal membrane load and monitor autophagic flux, whole cell proteins were extracted from cultured cells using Laemmli buffer (TRIS-HCl 125 mM pH 6.8; 2% (w/v) sodium dodecyl sulfate (SDS); 10% (v/v) glycerol; 5% (v/v) β-mercaptoethanol). Cell lysates were separated on 8--16% Novex Tris-glycine SDS-PAGE gradient gels (Life Technologies, EC6078BOX) and then transferred onto a polyvinylidene difluoride (PVDF) membrane. Membranes were blocked with PBS containing 0.1% (v/v) Tween 20 (PBS-T) and 3% (w/v) non-fat dry milk for 1h and then incubated overnight at 4°C with 1 μg/mL anti-LC3 Ab in PBS-T containing 1% nonfat dry milk. After washing with PBS-T, membranes were incubated for 30 min at room temperature with horseradish peroxidase-conjugated goat anti-mouse IgG antibody (Southern Biotech, 1030-05). Signal was detected using enhanced chemiluminescence detection reagents (Immobilon Western Millipore, WBKLS0500). When indicated, LC3-II levels were normalized by densitometry to β-actin level using ImageJ Software. Autophagic flux was quantified by calculating a ratio between these values obtained with and without protease inhibitors.

Real-time PCR (RT-PCR)
----------------------

Total RNA was isolated from 5 × 10^6^ purified T cells using RNeasy Mini Kit (Qiagen, 74103) according to the manufacturer's instructions. After treatment by DNase (Qiagen, 79254) to remove residual genomic DNA, mRNA was retro-transcribed with Improm-II reverse transcriptase (Promega, A3800). Twenty nanograms of cDNA was used for real-time PCR on StepOne apparatus (Applied Biosystems). Briefly, ~~LC3~~ *Map1lc3a*, *Actb* and *Hprt* (respectively encoding for LC3, β-actin and HPRT1) cDNA were amplified using Taqman Gene Expression Assays provided by Applied Biosystems (Mm01249999-g1, Mm01249999_g1, Mm00458724_m1). Amplicons and probes were designed to span two exons, limiting the risk of amplifying residual genomic DNA. Relative *Map1lc3a* mRNA quantifications were made by defining ΔC~T~ (ΔC~T~ = C~T~ β-actin--C~T~ LC3 and C~T~ hprt1--C~T~ LC3 where C~T~ is "Cycle Threshold") and ΔΔC~T~ (ΔΔC~T~ = ΔC~T~ sample-ΔC~T~ of one control mouse per plate) using StepOne software (Applied Biosystems). Results shown represent 2^-ΔΔCT^ values where one control mouse per plate is arbitrarily equal to 1.

Electron microscopy and quantification of autophagic structures
---------------------------------------------------------------

Mouse and human T cells as well as entire mouse thymus were fixed using 2.5% (v/v) glutaraldehyde in phosphate buffer 0.1 M, pH 7.4 overnight at 4°C. They were post-fixed using 1% (v/v) osmium tetroxide for 90 min and dehydrated in ascending series of ethanol dilutions. They were then treated with propylene oxide, impregnated in ascending dilutions of resin in propylene oxide, left in pure resin overnight (Epon, Inland Europe), embedded and polymerized at 60°C for 48 h. Ultra-thin sections (70 nm) performed on ultramicrotome (Leica ultracut R) were collected on butvar-coated single-slot copper grids, stained with 1% (v/v) uranyl acetate for 30 min and with lead citrate for 2 min. Grids were examined by TEM (Hitachi H600) and the images were acquired using a digital Hamamatsu camera. Fifty cell sections per condition were examined and autophagic compartments were quantified. Only grids prepared from different resin blocks were considered for quantification, avoiding counting the same cell several times. Vesicles were considered as autophagosomes when meeting at least two of the following criteria:[@R31] double membrane, absence of ribosome in cytosolic side of the vacuole, similar density of the luminal side of the vesicle compared with cytosol, complete or remains of organelles inside the vesicle. Single-membrane vesicles containing dense or clear amorphous material were considered as autolysosomes. Autophagosomes and autolysosomes counts were pooled and termed "autophagic vacuoles" or "autophagic compartments." Statistical analysis comparing either normal vs. lupus-prone mice, or SLE patients vs. healthy donors were performed using unpaired t-test when samples followed a normal distribution and by Mann-Whitney U test when Gaussian distribution of values could not be assumed. Both tests were considered significant when p \< 0.05

Supplementary Material
======================

We thank Jean-Louis Pasquali and Jean-Paul Briand for carefully reading the manuscript. We also thank Monique Duval for technical assistance. This work was funded by the French Centre National de la Recherche Scientifique, Région Alsace and University of Strasbourg.

Previously published online: [www.landesbioscience.com/journals/autophagy/article/20275](http://www.landesbioscience.com/journals/autophagy/article/20275/)

APC

:   allophycocyanin

FITC

:   fluorescein isothyocyanate

LC3

:   microtubule-associated protein 1 light chain 3

NZB/W

:   (NZB/NZW)F1

LPS

:   lipopolysaccharide

PBMC

:   peripheral blood mononuclear cells

PBS

:   phosphate-buffered saline

PE

:   phycoerythrin

SLE

:   systemic lupus erythematosus
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